Apathy is defined by reduced goal-directed behavior, and is common in patients with damage to the ventromedial prefrontal cortex (vmPFC). Separately, in neuroeconomics research, the vmPFC has been shown to play a role in reward processingnamely, in "stimulus valuation," or the computation of the subjective reward value of a stimulus. Here, we used a sample of patients with focal brain lesions (N = 93) and matched healthy controls (N = 21) to determine whether the association between vmPFC damage and increased apathy is driven by impaired valuation. An auction task was used to measure valuation, and apathy was assessed via caregiver ratings of patients' day-to-day behavior. Lesion-symptom mapping identified the locus of impaired valuation in the vmPFC, and patients with damage to this region demonstrated increased apathy relative to patients with damage to dorsomedial prefrontal cortex (dmPFC), patients with damage to other brain regions, and healthy controls. Critically, the association between vmPFC damage and apathy was mediated by impaired valuation, with no effect as a function of dmPFC damage. Our results implicate a valuation-based mechanism underlying the relationship between vmPFC integrity and apathy, bridging findings from both the clinical literature and neuroeconomics research.
Introduction
The decision to initiate a goal-directed behavior involves the subjective determination that a stimulus is sufficiently valuable to justify its pursuit. Accordingly, the ability to compute the anticipated reward value of stimuli (henceforth, "stimulus valuation") is thought to have a cardinal influence on goal-directed behavior (Padoa-Schioppa 2011; Rangel and Clithero 2014) . Convergent findings from single-cell recordings in monkeys, functional magnetic resonance imaging (fMRI), and lesion studies in humans have suggested that the ventromedial prefrontal cortex [vmPFC, referring to the medial PFC structures rostral and ventral to the anterior commissure (20 ≥ x ≥−20, y > 0, z < 0; Koenigs et al. 2008; Krueger et al. 2009 ).] is involved in the computation of goal values (Padoa-Schioppa and Assad 2006; Fellows and Farah 2007; Camille, Tsuchida, et al. 2011; Bartra et al. 2013; Clithero and Rangel 2014) . Heretofore, researchers have linked vmPFC stimulus value signals to behavior on simple choice tasks, wherein participants select from a list of circumscribed goods within a rigidly defined time period . However, behavior is fundamentally influenced by how decisions are framed (Tversky and Kahneman 1981) , and freedom of choice is a central component of how the decision to perform a goaldirected behavior is framed in everyday life (Deci and Ryan 2000; Markus and Schwartz 2010) . Therefore, although the use of simple choice tasks has established a clear link between vmPFC and stimulus valuation, it is unclear whether this association translates to the decision to initiate a goal-directed behavior in the more complex environments encountered in day-to-day life.
In the present study, we sought to confirm the importance of stimulus valuation in everyday behavior by administering "both" a standard auction task used to assay valuation and a measure of participants' propensity to perform goal-directed behaviors in their day-to-day lives. In the auction task, participants were asked to rate and bid on familiar, rewarding stimuli according to their subjective value. Such tasks, used extensively in neuroeconomics research, assess whether a participants' initial ratings are consistent with their subsequent bidding. On this task, a high degree of consistency would indicate accurate valuations, whereas bidding that is inconsistent with prior ratings would violate the transitivity of preferences and suggest inaccurate valuation (Fellows 2011; Regenwetter et al. 2011 ). To establish a causal link between valuation accuracy and vmPFC, we applied this task in a large group of patients with focal brain lesions. Although studies using healthy participants can provide insights about brain/behavior relationships, focal lesion studies can provide sufficient causal evidence linking a specific brain region with a particular function. The recruitment of brain-injured patients is especially relevant for research on goal-directed behavior, as patients with traumatic brain injury (TBI) often display a marked reduction in goal-directed behavior in their day-to-day lives, a clinical symptom that is referred to as "apathy" (Stuss et al. 2000; Levy and Dubois 2006) . Apathy affects 46% of TBI patients (Andersson et al. 1999) , and has been linked to poor rehabilitation outcomes, ultimately disrupting patients' domestic, professional, and social lives (Gray et al. 1994; Marsh et al. 1998; LaneBrown and Tate 2009) . Despite the devastating impact of apathy in patients with TBI, there have been few attempts to identify its underlying cause.
Intriguingly, there appears to be an association between impaired valuation and increased apathy. Damage to the vmPFC is not only linked to poor performance on valuation tasks (Fellows and Farah 2007; Camille, Griffiths, et al. 2011; Camille, Tsuchida, et al. 2011) , but is also linked to increased apathy (Barrash et al. 2000; Fellows and Farah 2005; Peters et al. 2006) , and reduced vmPFC activity in response to rewarding stimuli has been found in clinically apathetic patients (Lawrence et al. 2011) . Therefore, based on the assertion that reward valuation motivates goal-directed behavior (Schoenbaum and Roesch 2005; Schultz 2006) , it has been speculated that disrupted vmPFC activity might impair one's ability to assign reward values to stimuli, reducing one's motivation to perform goal-directed behaviors to obtain those stimuli (i.e., increasing apathy; Levy and Dubois 2006; Lawrence et al. 2011; Arnould et al. 2013) . This suggests that the association between vmPFC damage and increased behavioral apathy might be mediated by impaired reward valuation, yet empirical evidence for this relationship has remained elusive. Here, we assessed valuation and apathy in a sample of TBI patients (and matched control participants) in order to isolate the vmPFC region(s) critical for valuation and determine whether damage to these regions increases apathy. Most importantly, we examined whether the association between vmPFC damage and increased apathy is mediated by impaired valuation.
Materials and Methods

Participants
Participants were drawn from Phase 4 of the W.F. Caveness Vietnam Head Injury Study (VHIS-4) registry. The VHIS is a long-term study of male combat veterans with focal, penetrating TBI, along with a matched sample of nonbrain-injured combat veterans who also served in Vietnam . In total, 93 patients and 21 control participants completed the protocols included in the present study. Two TBI patients were outliers (>2.5 SD below mean performance on the valuation task) and were removed from all analyses. The final sample of TBI patients (N = 91) and control participants were matched with respect to age (M TBI = 63.38 years, SD TBI 
Behavioral Procedures
Apathy Scale Caregivers completed the family form version of the Frontal Systems Behavior Scale (FrSBe), which includes an apathy subscale (Grace and Malloy 2001) . Eighty percent of the caregivers were spouses, 7% were offspring, 4% were siblings, 2% were significant others, 3% were other relatives, and 4% were friends. The FrSBe contains 46 items in total, and the apathy subscale consists of 14 items (e.g., "gets involved spontaneously," "does things without reminders," and "starts conversations") that are scored on a 5-point Likert scale (almost never, seldom, sometimes, frequently, and almost always). The raw apathy scores were the sum of 10 normally scored items and 4 reverse-scored items, and the raw scores were transformed to T-scores according to the procedures described in Appendix C of the FrSBe Professional Manual (Grace and Malloy 2001) .
Stimulus Valuation Task
Stimulus valuation was assessed using a Becker-DeGrootMarschak (BDM) auction task (Becker et al. 1964) , which has been studied extensively using fMRI (Plassman et al. 2007; Chib et al. 2009 ). For the present study, the BDM procedure consisted of 2 phases: A liking-rating (LR) task and the BDM proper (Fig. 1A) . Complete instructions for both phases of the BDM procedure are outlined in Supplementary Material. The LR and BDM phases each involved the presentation of a set of 50 rewarding sweet or salty food items (e.g., "Butterfinger" and "Doritos"), which have been used in several previous valuation experiments (Plassman et al. 2007; Camus et al. 2009; Chib et al. 2009 ). The images were presented on a black background at 72 dpi using E-Prime (Psychology Software Tools, Inc., Sharpsburg, PA, USA). During the LR task, snack food items were presented one at a time on a computer screen and participants rated how much they would like to eat the snack food shown on the screen from −7 (would not like to eat it at all) to 7 (would like to eat it, very much). Responses were made by moving a bar along a horizontal visual analog scale using the left-and right-arrow keys, and pressing the enter key as quickly as possible once the bar's location corresponded to the degree to which they would like to eat the item (Fig. 1A) . Participants knew that they might have the opportunity to eat "one" snack food item at the end of the experiment, and should provide liking-ratings that reflected how much they would like to eat that specific item "in lieu of all other items" (see Supplementary Material). The stimuli were viewed as similarly rewarding by the TBI and control participants, as the 2 groups displayed closely matched scores on the LR task [minimum LR (P = 0.49), maximum LR (P = 0.15), median LR (P = 0.94), and standard deviation LR (P = 0.18); Fig. 1B ].
During the BDM auction phase of the valuation task, participants were shown the same 50 snack food items one at a time, and rated how much they would be willing to pay to win each item at the end of the experiment. Bids ranged from $0 to $3 in 25 cent increments, and bids were entered using a visual analog scale method identical to the LR task (Fig. 1A) . At the end of the auction phase, one of the food items was picked at random along with a random cost c, where $0 ≤ c ≤ $3. If the participant's bid for the selected item was >c, they paid their bid amount and ate the snack. If their bid was ≤c for the selected item, they retained the $3. During the instructions phase, the participants were instructed to treat each decision as if it was the only one that would affect the final BDM outcome. Optimal performance on the BDM procedure requires participants to bid precisely their true "willingness-to-pay" (WTP) for, or valuation of, each stimulus: There is no incentive to underbid since bid value does not influence the prize item's final cost, and there is no incentive to bid over one's WTP as this will result in overpaying for the prize item (Plassman et al. 2007) .
Subjective WTP should be consistent over short time intervals, and a highly erratic WTP would indicate an impaired stimulus valuation ability (Fellows and Farah 2007; Camus et al. 2009; Fellows 2011 ). Therefore, the magnitude of each participant's correlation between the LR and BDM tasks was utilized as an index of stimulus valuation performance. Owing to the hypothesized shape of the relationship between LR and BDM (Camus et al. 2009 ), we elected to use a rank-ordered Spearman correlation coefficient as our measure of stimulus valuation performance, rather than a linear Pearson coefficient. Finally, to aid interpretation relative to our apathy scale (wherein scores reflected apathy severity), these Spearman coefficients were subtracted from 1, such that higher scores reflected more severe valuation impairment.
Lesion-Symptom Mapping Procedures
Computed Tomography Scans and Lesion Localization We acquired computed tomography (CT) scans during Phase III of the VHIS on a GE Medical Systems Light Speed Plus CT scanner at the Bethesda Naval Hospital, Bethesda, MD, USA. MRI was not used due to a risk of retained metal fragments from penetrating metal objects (e.g., missile fragments or gunshots), and the possible presence of metallic surgical clips or cranioplasties. Helical CT scans were acquired without contrast with a voxel size of 0.4 mm 3 , an overlapping slice thickness of 2.5 mm, and a 1-mm slice interval. Lesion location and volume were determined using the ABLe software package (Solomon et al. 2007 ) in MEDx v.3.44 (Medical Numerics Germantown, MD, USA), with enhancements to support the Automated Anatomical Labeling atlas (AAL; Tzourio-Mazoyer et al. 2002) . We determined lesion volume by manually tracing the lesion in all relevant slices of the CT image in native space, summing the traced areas, and then multiplying by slice thickness. Lesion tracing was performed by a trained neuropsychiatrist, and reviewed by J.G., while blind to the patient's experimental or neuropsychological measures. Each participant's CT image was normalized to a CT template brain image in the MNI space.
Voxel-Based Lesion-Symptom Mapping Analysis
We focused our voxel-based lesion-symptom mapping (VLSM) analysis on the vmPFC region of interest (ROI). Specifically, the vmPFC ROI contained regions of the PFC inferior to the anterior commissure (z < 0) and within 20 mm (−20 < x < 20). This ROI spanned several AAL regions, including superior frontal gyrus (medial, orbital, and medial-orbital parts), middle frontal gyrus (orbital), inferior frontal gyrus (orbital), gyrus rectus, olfactory cortex, anterior cingulate cortex, and the paracingulate gyri (Koenigs et al. 2008 (Koenigs et al. , 2009 Krueger et al. 2009 ). Patient valuation data violated the assumption of normality (Kolmogorov-Smirnov tests: TBI, P < 0.001); therefore, nonparametric tests were utilized in the VLSM analysis. The VLSM computed Mann-Whitney U-tests contrasting valuation between patients (N = 91) and controls (N = 21) on a voxel-wise basis within the vmPFC ROI mask. The VLSM employed a 5% false discovery rate to correct for multiple comparisons, required a minimum cluster size of 10 voxels, and only considered voxels for which at least 4 patients had overlapping lesions (Gläscher et al. 2009 ). Gray matter structures were identified using the AAL atlas (Tzourio-Mazoyer et al. 2002) .
Group Comparisons
Our second analysis examined apathy levels in patients with vmPFC damage. The VLSM analysis identified a subsample of participants with vmPFC damage (N = 23). To test the specificity of vmPFC in driving any observed increase in apathy, we identified a comparison group of TBI participants with damage to the dmPFC (N = 20). The dmPFC ROI contained portions of the medial superior frontal gyrus, anterior cingulate cortex, and median cingulate cortex superior to z = 1, medial to x = 10 in the right hemisphere, and medial to x = −10 in the left hemisphere ). dmPFC is not critical for stimulus valuation and should therefore not impact apathy through the same route as vmPFC injury (Camille, Tsuchida, et al. 2011) . Overlay density maps of the 2 patient groups confirmed that the dmPFC group did not have damage to the vmPFC, and the vmPFC group had a relatively preserved dmPFC (see Supplementary Fig. 1 ).
Percentage Damage to Regions of Interest
In our critical final analysis, we performed a statistical mediation analysis to determine whether the association between vmPFC damage and apathy was mediated through impaired valuation across our sample. For this model, we computed the percentage of damage to the vmPFC and dmPFC for all TBI patients. To compute the percentage of damage to the vmPFC, the number of lesioned voxels in the vmPFC ROI was summed, and divided by the total number of voxels in the region. An analogous computation was performed for the dmPFC ROI to determine the percentage of damage to the control region.
Mediation Analysis Procedure
The percentage damage to the ROI (vmPFC) and the comparison region (dmPFC) were used as predictor variables in a series of mediation analyses performed using the MEDIATE (Hayes and Preacher 2014) macro for SPSS (IBM Corporation, Armonk, NY, USA) in the syntax environment. The TBI patients' data violated the assumption of normality on both the mediator and outcome variables (Kolmogorov-Smirnov tests: Valuation, P < 0.001; Apathy, P = 0.002). Therefore, in our mediation model, we computed bias-corrected bootstrap confidence intervals (CIs) to test for significant indirect effects, a powerful inferential technique that does not assume a normally shaped sampling distribution (Hayes 2008; Hayes and Scharkow 2013) . Since the literature gave us cause to make directional predictions [i.e., vmPFC damage should be linked to more severe valuation impairments] (e.g., Camille, Tsuchida, et al. 2011) and apathetic manifestations (e.g., Barrash et al. 2000) ], 90% CIs were generated (Vorauer et al. 2009; Coussons-Read et al. 2012; De Coster et al. 2013 ) based on 10 000 bootstrap samples.
Results
Valuation VLSM
First, we wished to confirm that damage to the vmPFC caused impaired valuation in our sample. Accordingly, we performed a masked VLSM analysis, focusing on a vmPFC ROI that has been used by several previous studies (Koenigs et al. 2008 (Koenigs et al. , 2009 Krueger et al. 2009 ; Fig. 2A) . At least 4 patients were required to have damage to a given voxel for that voxel to be considered by the VLSM analysis, and an overlay map of the patients' lesions demonstrated that much of the ROI was damaged in ≥4 patients (Fig. 2B) . The valuation measure entered into the VLSM was the correlation between the "liking-rating" and BDM auction phases of the valuation task, subtracted from 1 such that scores reflected the severity of the valuation impairment. The VLSM identified a bilateral vmPFC cluster significantly associated with impaired valuation (M vmPFC = 0.38, SD vmPFC = 0.22; M CTRL = 0.26, SD CTRL = 0.16; Fig. 2C ; Table 1 ). Thus, the VLSM analysis suggested that vmPFC damage was associated with impaired valuation.
Apathy Group Comparisons
Second, we examined whether patients with damage to vmPFC clusters highlighted by the VLSM (vmPFC group) also demonstrated greater levels of apathy, when compared with patients with damage to an adjacent brain region (dmPFC group), other TBI patients, and healthy control participants. There was a generally higher prevalence of clinically significant apathy (T-score ≥65; Grace and Malloy 2001) in the vmPFC group (48%) relative to the dmPFC (30%), other TBI (31%), and healthy control groups (19%). Apathy T-scores did not violate the assumption of normality in any of the individual groups (Kolmogorov-Smirnov tests, all P > 0.09). Accordingly, we ran a univariate ANOVA and found a significant effect of participant group (F 3,108 = 3.82, P = 0.01, η 2 = 0.10; Fig. 3 ). The present study was designed to contrast apathy levels of the vmPFC patients with the other 3 experimental groups. Therefore, post hoc tests were run using Fisher's Least Significant Difference (LSD), with a statistical cutoff adjusted for the number of comparisons of interest (α = 0.05/3 = 0.017). After this correction, the vmPFC group (M = 71.74, SD = 22.37) had significantly increased apathy relative to all other groups (dmPFC: M = 58.10, SD = 14.12, pLSD = 0.01; other TBI: M = 60.27, SD = 17.60, pLSD = 0.01; controls: M = 55.24, SD = 14.04, pLSD = 0.002; Fig. 3 ).
The group-based analysis therefore suggested that damage to regions of the vmPFC critical for valuation caused heightened levels of apathy. A series of follow-up analyses were conducted to ensure that the group differences could not be attributed to any confounding variables (see Supplementary Table 2 ). The groups (i.e., vmPFC, dmPFC, other TBI, and controls) did not significantly differ with respect to age, years of education, handedness, preinjury intelligence, postinjury intelligence, and episodic memory (all P ≥ 0.09; see Supplementary Table 2 ). In addition to demographic variables and cognitive functioning, we examined several variables that have been linked to vmPFC and may be expected to covary with patient apathy, namely: affective theory of mind (Leopold et al. 2012) , fatigue (Pardini et al. 2010) , depression (Koenigs et al. 2009 ), and post-traumatic stress disorder (Koenigs et al. 2008) . None of these variables differed significantly as a function of group (all P ≥ 0.14), suggesting that increased apathy in vmPFC patients could not be accounted for by any of the control measures.
In our final control analysis, we ensured that increased apathy in vmPFC patients was not the result of heightened lesion volumes in this group. Total lesion volume percentages in the 3 patient groups (i.e., vmPFC, dmPFC, and other TBI) were entered into an ANOVA with LSD post hoc comparisons, and the omnibus test suggested that lesion volume did vary between groups (F 2,88 = 5.22, P = 0.007, η 2 = 0.11; see Supplementary Table 2) . Critically, this result was driven entirely by small lesion volumes in the other TBI group (M = 1.74%, SD = 2.89%) relative to both the dmPFC (M = 3.63%, SD = 2.38%, pLSD = 0.02) and vmPFC (M = 3.95%, SD = 3.85%, pLSD = 0.005) groups, and total lesion volume was matched between the dmPFC and vmPFC groups highlights that the brain regions included in the mask were damaged in a significant number of patients (legend indicates the number of patients with damage to a voxel). (C) Damage to a cluster in vmPFC (Table 1) was associated with impaired valuation in the BDM task. Images are in radiological space (i.e., right is left). ( pLSD = 0.73). Therefore, lesion size cannot account for the high levels of apathy we observed in the vmPFC group.
Mediation Analysis
In our critical final analysis, we tested our principal hypothesis that the association between vmPFC damage and increased apathy would be mediated through impaired stimulus valuation. Thus, we ran a simple mediation model using ordinary least squares path analysis with the percentage of vmPFC damage as a predictor variable, apathy as the outcome variable, and valuation as the mediator including all participants in the model (N TOTAL = 112, N TBI = 91, N CTRL = 21; Fig. 4 ). Path coefficients were computed in the model to estimate the magnitude and direction of the effects of: (1) vmPFC damage on apathy (c′ path), (2) vmPFC damage on valuation (a path), (3) valuation on apathy (b path), and (4) vmPFC damage on apathy through valuation (ab path; Fig. 4A ). The model did not violate the assumption of "no interaction" between the predictor and mediator variables (P = 0.79). As hypothesized, vmPFC damage was associated with valuation impairment severity [a = 0.005, se = 0.002, t (110) = −2.54, P = 0.006, one-tailed; Fig. 4A ] and, holding valuation constant, vmPFC damage was also associated with increased apathy [c′ = 0.37, se = 0.18, t (109) = −2.06, P = 0.02; Fig. 4A ]. Additionally, impaired stimulus valuation was associated with elevated levels of apathy when holding vmPFC damage constant [b = 15.94, se = 8.50, t (109) = −1.88, P = 0.03, one-tailed; Fig. 4A ]. Most importantly, the ab path was significant, confirming that vmPFC damage significantly increased apathy through impaired stimulus valuation (ab = 0.08, se = 0.06, CI = 0.008-0.22; Fig. 4A ).
To demonstrate the specificity of vmPFC's involvement in valuation and goal-directed behavior, we ran 2 control mediation analyses. In the first control model, we determined whether the extent of damage to the dmPFC was associated with increased apathy, and whether this association was mediated through impaired valuation (Fig. 4B) . Similar to vmPFC, the extent of dmPFC damage was associated with increased apathy [c′ = 0.77, se = 0.42, t (109) = 1.85, P = 0.04, one-tailed; Fig. 4B ]. However, in contrast to vmPFC, dmPFC was not associated with valuation impairment severity [a = 0.003, se = 0.005, t (110) = 0.66, P = 0.26, one-tailed; Fig. 4B ], and the association between dmPFC damage and apathy was not mediated through valuation [ab = 0.06, se = 0.09, CI = −0.02 to 0.29; Fig. 4B ]. In our second control model, we included both vmPFC and dmPFC predictor variables in order to determine whether the effect of vmPFC damage on valuation and apathy remained significant after controlling for damage to the dmPFC (Fig. 4C) . Akin to the initial analysis, the second control model found that vmPFC damage was significantly associated with impaired valuation when holding dmPFC damage constant [a 1 = 0.005, se = 0.002, t (109) = −2.47, P = 0.007, one-tailed; 
Discussion
The present results provide seminal, causal evidence for the role of valuation deficits in the link between vmPFC damage and apathy, highlighting the importance of stimulus value signals for influencing goal-directed behavior in everyday life. First, our masked VLSM analysis provides confirmatory evidence that the vmPFC is causally involved in stimulus valuation, supporting correlational findings from the fMRI literature (Bartra et al. 2013; Clithero and Rangel 2014) . Second, we found that vmPFC damage was associated with elevated levels of apathy, as rated by caregivers with intimate knowledge of the participants' dayto-day behavior. Finally, our mediation analysis found that vmPFC damage might increase apathy by interfering with patients' abilities to appreciate the potential reward value of obtainable stimuli. In contrast, patients with damage to dmPFC but an intact vmPFC did not demonstrate elevated levels of apathy relative to the control group, nor did the extent of damage to this region have an indirect effect on apathy through valuation.
Our findings underscore the critical contribution of "stimulus" valuation to the performance of goal-directed behavior. According to some neuroeconomic models of decision-making, a good's valuation becomes attached to the motor commands required to obtain it, and goal-directed behavior ultimately results from a process of selection between these "action" valuations ["action-based" models (Glimcher et al. 2005) ]. In contrast, several lines of research suggest that goal-directed decisions can be made between the subjective valuation of "goods" computed in the vmPFC, before being converted into the space of actions ["goods-based" models (Padoa-Schioppa 2011)]. In the BDM task used here, performance is more likely to reflect stimulus valuation than action valuation, given that the same stimulusresponse mappings and motor commands were required to place bids on each of the obtainable goods. Thus, the present study provides new evidence in support of the goods-based model, suggesting that stimulus valuation is capable of driving goaldirected behavior independently of action valuation (Wunderlich et al. 2010; Camille, Tsuchida, et al. 2011) .
It bears mentioning that our results may be influenced by external variables that were not measured in the present study. With respect to valuation, several groups have posited that, in addition to stimulus valuation, vmPFC codes for decision confidence (Kepecs et al. 2008; DeMartino et al. 2013) . It would thus be reasonable to hypothesize that patients with vmPFC lesions exhibit apathetic behavior due, at least in part, to a lack of confidence in their stimulus valuations. The methods used in the present study did not enable the isolation of stimulus valuation from decision confidence, and future studies will need to clarify the individual contributions of both variables and their interaction in driving goal-directed behavior. With respect to apathy, goal-directed behavior requires the concerted effort of several neurocognitive mechanisms, making it is possible that damage to brain regions beyond vmPFC might be associated with elevated levels of apathy (Levy and Dubois 2006; Arnould et al. 2013) . Future work will thus be needed to elucidate other potential causes of apathy in patients with TBI.
By providing evidence that damage to the vmPFC valuation system is one potential cause of apathy, the present study may also provide some insights into designing treatments for apathy in patients with vmPFC TBI. Previous research has identified other brain regions (e.g., the dorsolateral prefrontal cortex, dlPFC) as critical for modulating valuation signals encoded by the vmPFC, with the potential to modulate their influence on behavior (Hare et al. 2009; Kirk et al. 2011) . For TBI patients, interventions that indirectly manipulate activity at vmPFC (e.g., transcranial electrical or magnetic stimulation over dlPFC) might aid and normalize the patient's vmPFC mediated stimulus valuation representations. Based on the present study, such work has the potential to facilitate goal-directed behavior and thereby improve functional outcomes.
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